By adjusting the amount of Cu(NO 3 ) 2 ·3H 2 O, Cu 2+ -doped birnessite δ-MnO 2 spherical substances were synthesized by a simple hydrothermal synthesis process without any templates and surfactants. The structure, morphology, and specific surface area were characterized by XRD, SEM, TEM and BET. Further study shows that the 0.25 mmol Cu-doped MnO 2 sample is expected to provide higher specific capacitance (636.3 F g -1 at 1 A g -1 current density) compared with pure δ-MnO 2 (335.6 F g -1 at the current density of 1 A g -1 ) and long-term cyclic stability (105.01% capacitance retention after 1500 cycles at current density of 5 A g -1 ). Electrochemical impedance spectroscopy proved the low resistance characteristics of the prepared samples. All the results show that the copper-doped MnO 2 material is not only low cost, but also of excellent electrochemical performance, thus possesses great potential in future energy development.
Introduction
The increasing environmental problems and the consumption of natural energy resources such as coal, natural gas and oil have created the need to develop green and sustainable energy sources that have the capacity to convert and store energy. Researchers have been focused on the development of energy storage devices, such as capacitors, batteries, supercapacitors and batteries. [1] [2] [3] [4] [5] Among various energy storage devices, supercapacitors(Scs) is a new type of environmentally friendly energy storage device with high power density (more than 10 kw kg -1 ), fast charge and discharge speed, long cycle life (>10 5 cycles), [6] [7] [8] [9] etc. Yet, in order to meet the requirements of rapid growing technology, supercapacitor also faces some challenges, such as low energy density and short lifespan. [10] [11] [12] [13] There are two types of energy storage mechanisms for supercapacitors, double-layer capacitors and pseudo-capacitors. The common electrode material used for double-layer capacitors is carbon material. Whereas, transition metal oxides are the most commonly used materials for pseudo-capacitors. 7, 14, 15 Many researchers have been working on transition metal oxides, which exhibit high specific capacitance and good stability for pseudocapacitors. [16] [17] [18] [19] So far, various transition metal oxides have been used as electrode materials in pseudocapacitors, including Co 3 O 4 , 20 MnO 2 , 21 NiO, 22, 23 RuO 2 , 24 V 2 O 5 , 25 etc. Compared with other transition metal oxides, MnO 2 has the advantages of low cost, high natural abundance, high theoretical capacity (1370 Fg -1 ), high voltage window, etc. [26] [27] [28] [29] [30] [31] It is considered to be the most promising electrode material. However, its capacitance is much lower and its conductivity and structural stability are also relatively poor which restricts its application in real world. 32 In order to improve these problems, MnO 2 has been combined with other materials to obtain good electrochemical performance, such as graphene@MnO 2 , 33 carbon nano-tubes@MnO 2 , 34,35 CuO@MnO 2 , 36 Co 3 O 4 @MnO 2 37,38 nano composites. Moreover, cationic doping has been proved to be an effective way to improve the conductivity of materials. As an effective doped cation, copper cations are considered as one of the most suitable candidates for cationic doping to improve electrochemical performance. 39 However, it is still a challenge to obtain high-performance MnO 2 electrode materials with a simple and low cost preparation process. In addition, Cu-doped MnO 2 is also used in other applications, such as the nanostructured copper manganese oxide (CMO) thin films 40 and selective absorbers. 41 In this work, we designed and prepared Cu 2+ -doped MnO 2 by a simple one-step hydrothermal method. X-ray powder diffraction (XRD), scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were used to analyze the morphology and microstructure of the samples. The electrochemical test results showed that the capacitance of 0.25 mmol Cu 2+ -doped MnO 2 mixed electrode was 636.3 F g -1 at 1 A g -1 current density and the capacitance retention was 105.01% after 1500 cycles at current density of 5 A g -1 .
Experimental

1. Synthesis of Cu 2+ Doped MnO 2
All chemicals used in this experiment were analytical grade. MnO 2 was synthesized using a typical hydrothermal method. Firstly, KMnO 4 and MnSO 4 (the molar ratio of 3:1) were added into deionized water (25 mL) respectively and stirred continuously. Then, Cu(NO 3 ) 2 . 3H 2 O salt of various doping contents (0.1, 0.25, 0.35, 0.45 mmol) was added into the above potassium permanganate solution during the stirring stage. Then, the manganese sulfate solution was slowly poured into the mixture. The mixture was stirred continuously until the solid was completely dissolved at room temperature, and a piece of the pretreated foam nickels were put vertically into the autoclave. The resultant product was transferred into a Teflon-lined stainless-steel auto-clave and heated to 80 ° for 3 h. Lastly, the vessel was allowed to be cooled to room temperature naturally and the NFs substrate with the active materials were taken out and labeled as M1, the brown precipitates were collected and washed with distilled water and ethanol for several times, then the filtrate were dried at 60° for 12 h under vacuum.
Characterization
The surface morphology and microstructure of samples were characterized by field emission scanning electron microscope (SEM, JSM-7500F) and transmission electron microscopy (TEM, Tecnai G2 F20 S-TWIN). The X-ray powder diffraction (XRD) measurements were performed on Bruker D8 Advance. N 2 absorption-desorption were performed with a Micromeritics TristarII 3020. The surface area was computed from the Brunauer-Emmett-Teller (BET) equation, and the pore size distribution was calculated from desorption curve by the Barrette-Joynere-Halenda (BJH) model.
3. Electrochemical Measurement
Electrochemical properties were measured in a three electrode system employing the Electrochemical Worksta-tion (INTERFACE 1000, GAMRY, US) in which the NF-Cu-MnO 2 was used as working electrode, saturated calomel electrode (SCE) as a reference electrode and a platinum wire as counter electrode. Cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) and electrochemical impedance spectra (EIS) were performed using workstation in 1 mol L −1 KOH electrolyte. The capacitance formula is:
where I/m is the current density, t is the discharge time, V is the potential window, and m is the mass of the MnO 2 material.
Results and Discussion
1. Structure and Morphology
The X-ray diffraction (XRD) patterns of the two samples are shown in Figure. 1 to determine the phase composition of the product , in which curve A represents the pure MnO 2 sample and B represents the 0.25 mmol Cu 2+ -doped MnO 2 sample. It can be clearly seen from curve A that the main characteristic peaks are located at 12.9°, 37.3° and 65.6° which correspond to the (001) ( -1 11) and (020) planes of MnO 2 , respectively. These characteristic peaks indicate that the sample belongs to the birnessite δ-MnO 2 structure. The wide and weak reflection peaks can be seen from the XRD patterns, indicating that the structure of pure MnO 2 is amorphous. The XRD pattern is in good agreement with the diffraction peaks reported in JCPDS card no. 80-1098. 42 In addition, it can be clearly seen from curve B that it also shows peaks at 26.1° and 55.9° of the plane corresponding to the (011), (0-24) planes of CuSO 4 time, it can be seen that the peak at 011 corresponds to the crystal structure of CuSO 4 . H 2 O formed in amorphous manganese dioxide. δ-MnO 2 has a two-dimensional(2D) layered structure, which is considered to be a convenient structure to promote the migration of metal ions or water molecules and to allow ions and water molecules to exist in the inter-laminar region. 43 Due to the relatively open layered structure, Cu 2+ and SO 4 2are embedded in the structure of MnO 2 .
The morphologies of pure MnO 2 and 0.25 mmol Cu 2+ doped-MnO 2 electrodes were investigated by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Figure. 2 shows the SEM and TEM images of MnO 2 and 0.25 mmol Cu 2+ -doped MnO 2 electrodes. As can be seen from Figure 2a and 2b, the synthesized pure MnO 2 and 0.25 mmol Cu 2+ -doped MnO 2 showed a surface morphology similar to that of a micro-flower consisting of a stack of vertically aligned thin nanosheets. It can be seen that there is no difference between the morphology of the two samples, which may be due to the fact that the amount of Cu 2+ doped is too small to affect the morphology of MnO 2 . Figures 2c and 2d show TEM images of MnO 2 and 0.25 mmol Cu 2+ doped MnO 2 .
As can be seen from the figure, the internal structure of the gate of the synthetic material is that the ultrathin nanosheets are connected to each other to form a layered and porous 3D structure. However, compared to MnO 2 (Fig. c) , the internal structure of MnO 2 doped with Cu 2+ (Fig. d) is made by more compact ultrathin nanosheets. Figure. 3 shows the N 2 adsorption-desorption isotherms of MnO 2 and 0.25 mmol Cu 2+ doped MnO 2 . It can be seen from the diagram that the isotherm can be identi-fied as type III, which can be attributed to the slit pores formed by the self-assembled nanocrystals. There is no obvious narrow hysteresis ring between the two substances at relatively low pressure which also indicates that the porous characteristics of the sample are open and the capillary condensation of nitrogen has no significant delay. However, 0.25 mmol Cu 2+ doped MnO 2 has obvious hysteresis loops in the region of relative high pressure (P / P 0 is calculated to be 20.0 and 26.8 m 2 g -1 , so the MnO 2 doped with Cu 2+ can exhibit better electrochemical performance due to its larger surface area which can provide more electroactive sites for electrochemical reaction. 44 In addition, the Barrete-Joynere-Halenda (BJH) method was used to further determine the pore size distribution of the two samples by desorption isotherms (Figure. 4) . The pore volumes of MnO 2 and 0.25 mmol Cu 2+ doped MnO 2 are 0.067 and 0.10 cm 3 g -1 , respectively. According to the pore size distribution of the corresponding desorption branches of the nitrogen adsorption isotherm, the average pore sizes of the two samples are 13.4 and 14.8 nm, indicating that they are mesoporous. Therefore, it is shown that the doping of copper ions has an effect on the surface area and pore size of MnO 2 , thus improving the electrochemical performance.
2. Electrochemical Performance
To investigate its electrochemical performance thoroughly, the electrochemical behavior of pure MnO 2 and Cu 2+ -doped MnO 2 solid electrodes was studied by cyclic voltammograms (CV), galvanostatic charge-discharge (GCD), and electrochemical impedance spectroscopy (EIS). Figure 5 demonstrates the CV curves for MnO 2 and Cu 2+ -doped MnO 2 with different proportions at the scan rate of 5 mV s -1 in the potential window of 0 to 0.6 V in 1 M KOH electrolyte. This figure shows that 0.25 mmol Cu 2+ -doped MnO 2 exhibits the largest coverage area and the highest current, which indicates its ideal pseudo-capacitance properties and rapid charging and discharge processes. Figure. 6 shows the GCD cures of MnO 2 and Cu 2+ -doped MnO 2 electrodes with current density ranging from 1 to 10 A g -1 in the 0-0.52 V voltage window. It shows that the electrode has the longest discharge time when the amount of doped copper is 0.25 mmol. The specific capacitance of the corresponding MnO 2 electrode calculated from this GCD curves is shown in Figure. 7 . The results show that the specific capacitance of the electrodes by pure MnO 2 and Cu 2+ -doped MnO 2 with different copper contents are 335.6, 433.5, 636.3, 431.9 and 243.7 F g -1 at current density of 1 A g -1 , respectively. Figure. 8 shows the CV curves of 0.25 mmol Cu 2+doped MnO 2 at the scan rate of 5 mV s -1 at a potential window of 0 to 0.6 V. It can be seen that the MnO 2 with 0.25 mmol Cu 2+ has regular and symmetrical shape, which proves that it has the typical pseudo-capacitance properties in the process of rapid charging and discharging. When the scanning rate is increased from 5 mV s -1 to 100 mV s -1 , the specific capacitance tends to decrease gradually. The CV curve is nearly symmetrical in the voltage window from 0 to 0.6 V without noticeable deflection, indicating its desirable reversibility and stability. This proportionality corresponds to the behavior of ideal capacitors. 45 Figure. 9 shows the GCD process of 0.25 mmol Cu 2+doped MnO 2 electrodes. As the current density increases, the discharge time decreases, so the capacitance becomes smaller. Moreover, when the current density is 1A g -1 , the capacitance of 0.25 mmol Cu 2+ -doped MnO 2 electrode is 636.3 F g -1 , which is nearly twice as high as that of pure MnO 2 (335.6 F g -1 at the current density of 1 A g -1 ). The almost symmetrical charge / discharge curves further confirm the ideal charge-discharge characteristics and excellent reversibility, which is in good agreement with the CV curves. The charge-discharge curve deviates from the straight line obviously, especially the curves obtained at low currents, indicating the pseudo-capacitance behavior of the composite material. When the current density is low, the ions have enough time to penetrate and enter the interior. However, under the condition of high current density, due to the rapid charge / discharge time, the internal components cannot be used effectively, resulting in weaker electrochemical performance. 46 In order to further understand the transport kinetics of electrochemical be-havior, the EIS spectra of MnO 2 and 0.25 mmol Cu 2+doped MnO 2 electrode shown in Figure. 10 were obtained at open circuit potential in the frequency range from 0.01 Hz to 100 kHz. Typically, R s (the composite resistance of electrolyte resistance, inherent resistance of substrate and contact resistance at active material / collector interface) can be obtained from the point where high frequency semicircle intersects crosses real resistance axis. And the Warburg impedances can be obtained from the slope of the diagram near the straight line in the low frequency region, and the larger the slope is, the smaller the resistance is. 47, 48 As shown in figure 10 , the intersection point between Cu 2+ -doped MnO 2 electrode and point axis is smaller than that of MnO 2 , so the R s of Cu 2+ -doped MnO 2 is lower than that of MnO 2 . In addition, the slope of Cu 2+ -MnO 2 electrode is larger than that of MnO 2 electrode, so the Weinberg impedance is smaller. Since the electrolyte solution resistance of the two electrodes and the intrinsic resistance of NF should be the same, it can be concluded that the doping of Cu 2+ reduces the R s and Weinberg impedance of the MnO 2 electrode and decreases the contact resistance between the MnO 2 / NF interfaces.
In order to further demonstrate the superior performance of the as-synthesized 0.25 mmol copper doped MnO 2 electrode, as shown in Figure. 11, the long-term stability test of the 1500 cycles at the current density of 5A g -1 was carried out. From figure 11 , it can be seen that the capacitance retention ratio of 1 to 500 cycles increases as the capacitance increases with the number of cycles. This is because the Cu 2+ -doped MnO 2 is in an activated state during this process, and the activity gradually increases. After 500 cycles, the capacitance began to decrease slowly. Yet, even after 1500 cycles, the capacitance was still very good, showing a capacitance retention rate of 105.01% compared with the initial capacitance (100%) showing a good cycle stability.
Conclusions
In this work, Cu 2+ -doped MnO 2 were synthesized by hydrothermal method and the optimum doping amount of Cu 2+ was investigated. The results of XRD, SEM, TEM, BET test showed that the prepared samples' structure, morphology and pore distributions. The experimental results show that the 0.25 mmol Cu 2+ -doped MnO 2 sample is expected to provide higher specific capacitance (636.3 F g -1 at 1 A g -1 current density) compared with pure δ-MnO 2 (335.6 F g -1 at the current density of 1 A g -1 ) and long-term cyclic stability (105.01% capacitance retention after 1500 cycles at current density of 5 A g -1 ). The EIS proved the lower resistance characteristics of the prepared electrodes. All the results show that the doping of Cu 2+ has great influence on the improvement of MnO 2 electrochemical performance. The results are expected to pave the way for the development of lowcost and high-performance supercapacitors and other energy storage devices. 
